INTRODUCTION
Mannitol infusion in the dog has been shown to increase the urinary excretion of bicarbonate (1, 2) . A similar effect has been shown with urea (2) . While not previously investigated in the dog, glucose, another osmotic agent, increases bicarbonate reabsorption in man (3) . This may not be a unique effect of glucose since mannitol also increases hydrogen ion secretion in man (4) . Unlike mannitol and urea however, which are filtered and then passively reabsorbed to varying degrees, glucose is actively reabsorbed predominantly in the proximal convoluted tubule (5) . Moreover, glucose is also metabolized by the kidney (6) and may thereby contribute to energy production and indirectly tion of bicarbonate. Since mannitol decreases bicarbonate reabsorption in the dog, this species seems ideally suited for investigating the possibility that glucose may actually increase bicarbonate reabsorption. The studies herein reported were designed to investigate this problem. METHODS
Experiments were performed on mongrel dogs of either sex, weighing between 15 and 30 kg. Animals were anesthetized with intravenous sodium pentobarbitol, 30 mg/kg body wt initially and additional doses given as needed. After induction of anesthesia, the trachea was intubated and respiration supported by a Harvard large-animal respirator (Harvard Apparatus Co., Millis, Mass.). Respiratory rate and tidal volume were adjusted to maintain Pco2 between 35 and 45 mm Hg or close to this range throughout the experiment. Bilateral femoral arterial and venous polyethylene catheters were inserted through inguinal incisions. The ureters were cannulated with PE 100 tubing through a suprapubic midline incision.
After completion of the surgical procedures, the animals were allowed approximately 60 min to stabilize. The infusion of solutions containing sodium ['MI] iothalamate, [ 'H]inulin, or chemically pure inulin for the determination of glomerular filtration rate (GFR) 1 was then begun.
Five major groups of studies were performed: Group I. In this group, 17 animals were loaded with bicarbonate before the control collections by using a solution containing 150 meq/liter of NaHCO3 and 5 meq/liter K2CO0. When the blood bicarbonate had reached at least 30 meq/liter, the experiment was begun. In each experiment, three or four control collections were made each lasting 10-15 min, and the animal was then given glucose in a ' Abbreviations used in this paper: GFR, glomerular filtration rate; RHcO3-/GFR, reabsorbed HCOi-per unit GFR; RPF, renal plasma flow; UHCO3-V, HCOs-excretion rate; UN.V, sodium excretion rate; Upco,, urine Pco2; UplY, urine pH.
The Journal of Clinical Investigation Volume 54 July 1974.1-81 1 loading dose of 0.8 g/kg body wt; this was followed by a maintenance solution of 25%o glucose in distilled water, given at a rate of 1 ml/min. When the urine became slightly positive for sugar (Clinistix, Ames Co., Elkhart, Ind.), three or four collections 10-15 min each were made during these experimental periods. In 11 of the 17 experiments, the glucose was then discontinued, and when the urine was free of glucose, two or three further collections were made each 10-15 min in duration.
Group II. In this group of eight animals prepared as for the group I above, after the administration of bicarbonate solution and the collection of control periods, the animals were given galactose in a loading dose of 0.4 g/kg body wt followed by a maintenance solution of galastose in distilled water infused at a rate calculated to deliver 10 mg/kg/min. Collections during the experimental period were then made. Galactose infusions were then discontinued, and when the urine became free of reducing substances (Clinitest, Ames Co.), three or four additional collections were made.
Group III. In this group of six animals the effect of systemic insulin was evaluated. After bicarbonate loading, control collections were obtained. Systemic insulin in a loading dose of 1.0 U/kg followed by a maintenance dose of 0.08 U/kg/min in normal saline was given. After approximately 20-30 min of equilibration, four or five additional collections were made.
Group IV. In this group of five animals, diabetes mellitus was experimentally induced by the administration of 50 mg/kg alloxan intravenously 5-7 days before the experiment. Blood sugar levels were determined daily and the experiment performed when it had reached 200-300 mg/ 100 ml. After the animals were bicarbonate loaded as previously described, several control collections were made. Insulin was then given systemically as described for group III above and several experimental periods obtained. Glucose infusion was then given systemically as for group I while insulin infusion was continued, and additional collections were made.
Group V. Finally, in five animals, the effect of phlorizin was evaluated. The animals were first bicarbonate loaded, and several control periods collected. Glucose was then given in the same manner as described for group I and several more experimental periods were obtained. Phlorizin was then infused intravenously at a rate of 5 Asg/kg/min; additional collections followed. Phlorizin was then discontinued and several collections were made during the recovery period. Finally, the glucose infusion was discontinued, and when sugar had disappeared from the urine (Clinistix), several more periods were obtained.
GFR Glucose determinations were done by the glucose oxidase method using the Boehringer Mannheim blood sugar test set. Protein-free filtrates were made of blood collected in fluoride-containing tubes by using perchloric acid. Urine glucose determinations were done on diluted specimens.
Sodium and potassium determinations were done on an Instrumentation Laboratory, Inc. (Lexington, Mass.) (IL) flame photometer. Samples of blood and urine for pH and Pco2 determination were collected as previously described (2) and measured immediately on an IL pH/Pco% meter.
Bicarbonate values in all but four experiments were calculated from the pH and Pco2 as previously reported (2) .
In four experiments, plasma and urine bicarbonate concentrations were determined manometrically by using the Natelson microgasometer. In over 100 samples of plasma and urine in which bicarbonate was simultaneously calculated from the pH and Pco2 and also measured manometrically the mean of the ratios of the calculated to the mea- Table I and the means of all the data are summarized in Tables II and III. In the illustrative experiment (Table I ) the infusion of glucose raised the GFR; plasma [HCOi-] also rose. Despite the rise in filtered HCOi-, urine pH and excreted HCOai fell, as did the excretion and fractional clearance of sodium.
Reabsorbed HCO3-, therefore, rose. These changes reverted towards control after discontinuation of glucose infusion. In Table II the data are divided into two groups, depending on whether recovery periods were collected; in both subgroups bicarbonate was calculated from pH and Pco2. In both groups GFR rose during glucose infusion (although significantly only in the second group), and fell significantly in the recovery period in the second group. The serum sodium fell slightly but significantly in both groups. (Table III) .
Effects of galactose loads. C Ga It rose from a mean of 110 mg/100 ml to a mean of 214 mg/ 100 ml after glucose infusion and fell to a mean of 181 mg/100 ml when phlorizin was given but remained at about this level when it was discontinued. Glucose in plasma fell to a value not different from control when its infusion was stopped. DISCUSSION The results of the present study demonstrate that intravenous doses of glucose, which produce blood levels only slightly in excess of the renal threshold, produced a consistent increase in bicarbonate reabsorption and this effect was reversed in most experiments when glucose administration was stopped and the glucosuria was allowed to subside. This enhancement of bicarbonate reabsorption assumes added significance when it is considered that the continued infusion of bicarbonate alone has been reported to reduce bicarbonate reabsorption (8) . The effect of glucose on bicarbonate reabsorption does not appear to be unique to this compound since galactose, another hexose that is reabsorbed and metabolized by the kidney, similarly increased bicarbonate reabsorption when given in equimolar doses.
Several possibilities may be suggested to explain the glucose-induced increase in bicarbonate reabsorption.
Alterations in renal hemodynamics have been shown to alter bicarbonate reabsorption (9, 10) and it is possible that the effect of glucose may have been hemodynamically induced. As previously shown in man (11) glucose infusion increased GFR in the dog. This could not account for the increase in bicarbonate reabsorption, however, since the increase in GFR was not consistent (as seen in Tables II, III , VI, and VII). In addition, galactose, which also increased bicarbonate reabsorption, did not significantly alter GFR. Although renal plasma flow (RPF) was not measured in the present study it has been shown to increase after glucose infusion (12) . Increase in RPF induced by vasodilator agents, however, has been shown to decrease rather than increase bicarbonate reabsorption (10). Thus, it seems unlikely that hemodynamic changes exerted a primary influence in the changes observed.
An alternative explanation may be that glucose stimulates insulin secretion which in turn may enhance bicarbonate reabsorption. Insulin has been shown to be antidiuretic and antinatriuretic (13) (14) (15) (16) , and it is possible that it may secondarily increase hydrogen ion secretion in exchange for sodium reabsorption. This does not seem likely, however, since the administration of insulin to bicarbonate-loaded dogs did not reduce sodium excretion and produced instead a small but insignificant decrease in bicarbonate reabsorption. Insulin also failed to alter bicarbonate reabsorption in alloxan-diabetic dogs. It is possible, however, that insulin does enhance RHcom-but that its effect is nullified by the drop in blood and filtered glucose which decreases RHCo3-. Secretion of insulin, however, cannot alone explain the effect of glucose since the administration of glucose to alloxan-diabetic dogs which are incapable of secreting insulin resulted in the predicted increase in RHCO0-.
Other factors which could have effected the increase in bicarbonate reabsorption are the decrease in serum potassium and the increase in blood Pco2 and plasma [HC03-]. The drop in serum potassium could not have Tables I and II. contributed to the increase in RHCOs because the changes were small and persisted after glucose was discontinued (Table II) or after phlorizin (Table VII) On the other hand, the effect of glucose does not have to be symmetrical; RHCOi-may be set and does not fall when glucose is reduced, but rises when glucose absorption is raised. It is possible that glucose administration, which results in pyruvate and lactate production (17) , may have produced an intracellular acidosis which in turn increased hydrogen ion secretion and bicarbonate reabsorption. Phlorizin could have mitigated the effect of (20) (21) (22) (23) (24) (25) even when the fasting is of short duration (23) . An interrelationship between sodium absorption and absorption of glucose has also been shown in clearance experiments (26, 27) , in the isolated perfused kidney (28, 29) , and in micropuncture experiments (30) . It is possible therefore that the changes in bicarbonate reabsorption observed in the present experiments may have been secondary to changes in sodium reabsorption. Changes in sodium excretion, however, were inconsistent in the present experiments. It is possible, on the other hand that at these high rates of Uz.V small changes may have been obscured. Alternatively, glucose may have increased proximal tubular reabsorption where the reabsorption of bicarbonate may be the primary event. In a series of studies by Kokko, Rector, and Seldin it was reported that the reabsorption of NaCl from the isolated perfused proximal convoluted tubule was almost entirely dependent on the reabsorption of NaHCOs (31 
